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Abstract 
Pulse-electrodeposition has been applied to enhance properties of two different types of 
lightweight construction materials, a periodic cellular material (PCM) and a micro-sandwich. 
For the PCM, the deformation behaviour of the nanocrystalline Ni-18wt.%Fe sleeve material 
(bulk samples) has been investigated up to 548 K. The material exhibits plasticity of >30% 
fracture strain at higher temperatures compared to <15 % at room temperature. TEM 
characterization shows that coarser grains are present which enable strain hardening by intra-
granular dislocation accumulation. This leads to larger fracture strains at higher temperatures. 
Hence, for allowing application of the PCM at elevated temperatures, the sleeve material has 
to be stabilized against deformation-induced grain growth.  For the micro-sandwich, the 
pulse-electrodeposited Nickel coating on the face sheets or polymer fibres of the sandwich 
core can provide extra strength. With respect to the fibres, the plating process needs to be 
improved further to achieve a continuous and homogeneous coating.  
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1. Introduction 
Sandwich structures are widely used in modern lightweight construction e.g. in a variety of 
transport industries (aerospace, marine, and automobile sector) and in components where 
properties like low weight, formability and/or damping are required. These structures are 
layered composites designed to replace their monolithic counterparts in order to reduce 
weight and material cost. They usually consist of a relatively thick, lightweight core material 
which is covered by thin and strong face sheets. The core material is often a low-strength 
material such as a honeycomb, metallic foam or polymer foam. Metallic foams are an 
attractive option for weight-limited engineering applications [1]. Low relative densities (e.g. a 
few percent of the parent metal) are achieved through an internal void structure which can be 
either connected (open-cell) or unconnected (closed-cell) [2]. Bouwhuis and Hibbard [3] 
generated nanocrystalline hybrid metallic foams by reinforcing conventional open-cell 
aluminium foams by electrodeposition of a high-strength nanocrystalline sleeve. While 
stronger than conventional metallic foams, the approach had practical limitations. In 
particular, the complex and irregular architecture of the foam made it difficult to obtain 
uniform electrodeposition over the internal ligaments. The inner ligaments had thinner 
electrodeposited sleeves which as a consequence collapsed first during mechanical testing. 
Evidently, this limited the achievable strength increase. However, the electrodeposition 
uniformity issue could be eliminated by making use of periodic cellular materials (PCMs). In 
PCMs, the total material mass is reduced by retaining only that part of the material which has 
geometrically-high load-bearing efficiency. Hence, PCMs are more structurally efficient than 
conventional stochastic foams [4,5]. A range of investigations was performed by applying 
nanocrystalline sleeves on both polymeric and metallic PCMs [3, 6-10]. In this paper, 
challenges with the pulse electrodeposited nanocrystalline coating used for property 
enhancement of advanced hybrid materials in a periodic cellular material (PCM) and a micro-
sandwich are discussed. Special emphasis is laid on the microstructural characterization of the 
electrodeposited material.  
 
2. Experimental 
For producing the nanocrystalline hybrid metallic material, the periodic cellular pre-form was 
produced by stretch-forming of a perforated copper sheet. Afterwards, a Ni-18wt.%Fe 
nanocrystalline sleeve was pulse-electrodeposited around the pre-form at Integran 
Technologies Inc., Toronto, Canada. Moreover, also a ∼5 mm thick plate of nanocrystalline 
Ni-18wt.%Fe was produced. Using wire electrical discharge machining, cylindrical samples 
of ∼2 mm in diameter and ∼4 mm in length were cut from the plate. Both the cylindrical 
samples and the Cu/nano-Ni-Fe PCM were tested at a strain rate of 10-4 s-1 in an Instron 8032 
tensile test machine equipped with a thermal chamber. Prior to the compression tests, the 
samples were annealed for 30 minutes at the respective temperature.  The HybrixTM micro-
sandwich was provided by Lamera AB, Sweden, and consisted of stainless steel sheets to 
which polyamide fibres were attached by an epoxy. For pulse-electrodeposition of a 
nanocrystalline coating, a Nickel sulfamate bath and different plating conditions were used. 
 
Investigations by use of electron backscatter diffraction (EBSD) technique were performed in 
a LEO 1550 field emission gun scanning electron microscope which was equipped with HKL 
Channel 5 EBSD system and Nordlys II detector. To obtain orientation maps, an accelerating 
voltage of 10 kV and a step size of 10, 20, and 100 nm was used, respectively. Samples were 
investigated in the ordinary EBSD setup (70º tilt of sample towards the EBSD detector) and in 
transmission-EBSD setup [11] using samples prepared for transmission electron microscopy 
(TEM). For microstructural investigations, a Zeiss 912 Omega transmission electron 
microscope, operating at an accelerating voltage of 120 kV, was used. TEM samples were 
prepared by usual dimple grinding and ion polishing. EBSD samples were prepared by 
electropolishing (10 s at a voltage of 31 V) using Struers A2 electrolyte in a Struers 
LectroPol-5 equipment. Nanoindentation was performed at 60 measuring points each using a 
force of 1 mN and 5 mN. 
 
3. Results 
3.1 Nanocrystalline hybrid PCM 
Figure 1(a) shows a typical PCM structure that consists of a Cu core and a nanocrystalline Ni-
Fe coating. The nanocrystalline coating is about 100 nm thick and has an average grain size of 
31 ± 12 nm [12]. During the structural collapse of such nanocrystalline hybrid PCMs, 
different failure mechanisms are observed [9,13,14]. While in a constrained compression 
setup the confined nodes induce axial compressive stresses into the struts which lead to strut 
failure by buckling [9], the uniaxial free compression induces transverse bending stresses 
which cause stress concentrations at the nodes of the struts where cracks are formed (Fig. 
1(b)). Also plastic wrinkling and cracks at the hinges of the PCM can be observed. Details 
about the compression test including the stress-strain curve are provided in [14,15]. Since the 
dominant failure mechanisms are in the nanocrystalline sleeve, the compressive strength of 
the Ni-Fe coating material has been investigated at elevated temperatures. Figure 2 shows 
results from compression tests performed at room temperature on nanocrystalline Ni-
18wt.%Fe cylindrical bulk samples after annealing the samples for 30 min at 423, 523, and 
548 K. As can be seen, the curves fall more or less on top of each other and resemble the one 
obtained for the as prepared sample, i.e. not annealed before being tested at room temperature. 
A tensile strength of σTS = 2500 MPa and an engineering strain of ∼14% is obtained. In case 
the compression tests are not performed at room temperature but at the respective temperature 
after annealing for 30 min, the curves deviate from each other as seen in Fig. 3. The sample 
compressed at room temperature shows the highest yield/tensile strength and the lowest 
ductility when failure occurred (∼14%). When the compression test was performed at elevated 
temperatures, a corresponding drop in strength and increase in ductility is observed. For 
example, when compressing the sample at 423 K after annealing, the fracture strain is with 
~30% already doubled. In fact, even higher fracture strains can be expected at higher testing 
temperatures. While failure occurred during tests performed at room temperature, 373 K, and 
423 K, the compression tests at 473, 523 and 548 K were interrupted (the interrupted tests are 
shown with open symbols in Fig. 3). This means that even higher fracture stains than 30% 
would occur in these cases. 
Characterization by use of TEM on transverse sections of the cylindrical samples revealed a 
coarser microstructure when the samples were compressed above room temperature. Figure 4 
shows the microstructure of the samples compressed at room temperature, 423, 473 and 548 
K. As can be seen, already at 423 K (Fig. 4(b)), the grains are slightly larger than at room 
temperature (Fig. 4(a)), while significant grain growth has occurred during compression at 
473 and 548 K (Figs. 4(c and d)). Using transmission-EBSD on the respective TEM samples, 
the average grain size for the material compressed at 473 and 548 K was found to be 50 ± 30 
nm and 100 ± 50 nm, and grains of more than 200 nm and 350 nm, respectively, are present in 
the investigated areas. In Fig. 5, an EBSD orientation map of the sample compressed at 548 K 
is given in inverse pole figure colouring in growth direction. Grain boundaries are given as 
black lines and the obtained microstructure confirms the presence of sub-micrometer sized 
grains.  
From differential scanning calorimetry measurements and EBSD studies of the same Ni-Fe 
electrodeposit it is known that the material is thermally stable up to ~548 K [16], i.e. 
substantial grain growth was first observed at 573 K. This is also confirmed by the TEM 
image given in Fig. 6, which shows the material annealed at 548 K and compressed at room 
temperature. A very fine-grained microstructure is visible in this case, i.e. no grain growth has 
occurred as in case of compression at 548 K (Fig. 4(d)). This means that deformation-induced 
grain growth takes place at temperatures way below the usual thermal stability of the 
nanomaterial. Dislocation theory can explain the substantial drop in yield strength/increase in 
engineering strain during compression at elevated temperatures. The larger grains allow strain 
hardening to occur by intra-granular dislocation accumulation [15] and this in turn leads to the 
larger fracture strains at higher temperatures. As described by Qin et al. [17] for bulk 
nanocrystalline Ni-19wt.%Fe, grain boundary sliding sets first in at temperatures above 613 
K. 
 
3.2 Micro-sandwich 
The micro-sandwich (HybrixTM, Lamera AB, Sweden) is thin and hollow, and consists of two 
steel face sheets separated by millions of polymer fibres (~3 mm in length) that are attached 
by an adhesive [18]. The resulting advanced hybrid can be shaped like a metal sheet but the 
weight of the sandwich material is substantially reduced. To give the micro-sandwich further 
strength, a Nickel coating was pulse-electrodeposited on the face sheets. Figure 7 shows two 
EBSD orientation maps as obtained from Nickel coatings produced at different plating 
conditions. As can be seen, the grain size and texture of the coatings can vary substantially. 
While the microstructure in Fig. 7(a) is <100> textured in growth direction and has a grain 
size of 365 ± 219 nm with the largest grains being 1.7 µm, the EBSD orientation map in Fig. 
7(b) has a random texture and a grain size of 81 ± 77 nm (the largest grains measured were 
650 nm). Due to conservative data treatment (wild spikes are removed and a suitable 
orientation was only assigned to those zero solutions when the 6 nearest neighbours were 
equally indexed), a substantial fraction of pixels in the EBSD orientation map in Fig. 7(b) is 
not identified and shown in black. Hence, the grain size as obtained from the orientation map 
is slightly underestimated. Nano-indentation measurements were performed on the sample 
shown in Fig 7(a) and Vickers hardness values between 150 and 570 HV were obtained 
depending on the location when using 1 and 5 mN, respectively (Fig. 8). The variation in 
hardness reflects the variation in grain size ranging from some nanometers to several 
micrometers. Hence, substantial improvements in hardness can be obtained when adjusting 
the plating parameters and tailoring the microstructure (e.g. by giving it a nanostructure like 
in Fig. 7(b)). 
Additionally, it was also investigated whether it is possible to apply a coating on the polymer 
fibres of the sandwich structure. First, a thin Gold film was sputtered on the polymer fibres 
for making them conductive. Afterwards, a Nickel coating was pulse-electrodeposited on top. 
Figure 9 shows a side view of the sandwich structure (only one face sheet attached). Most of 
the fibres seen are coated by Nickel. However, there are also fibres visible that are still 
showing the Gold coating (reddish appearance). Hence, the Nickel layer is incomplete and 
further refinement of the coating process is required. 
 
4. Conclusions 
A strength increase is obtained when a nanocrystalline coating is applied as a sleeve on a 
PCM. However, when applying a load at elevated temperatures, the compression tests on the 
nanocrystalline sleeve material have shown that it is necessary to stabilize the nanomaterial 
against grain growth as a substantial drop in yield strength/increase in engineering strain has 
been observed. Instead of a solid solution like Ni-18wt.%Fe, a supersaturated material 
(showing segregation) may be able to prevent deformation-induced grain growth to occur 
which otherwise compromises the initial strength increase. 
 
Sandwich structures like the HybrixTM by Lamera AB can be strengthened by applying a 
nano- or sub-microcrystalline coating on the face sheets. By controlling microstructure (e.g. 
grain size and texture) and thickness of the coating, the properties of the sandwich structure 
can be tailored. It is even possible to pulse-electroplate a nanocrystalline coating on the 
polymer fibres of the sandwich structure. However, further investigations are required to 
make sure that all fibres are coated during pulse-electrodeposition, i.e. that the conductive 
coating is continuous and no shading effects from neighbouring fibres occurs. 
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Figure 1:  Cu/nano Ni-Fe periodic cellular material (PCM): (a) Overview of 3D structure 
and inset showing the Cu-strut in cross section (top view) with the about 100 µm 
thick coating; (b) Magnified image of a PCM after uniaxial free compression 
showing cracks at nodes and wrinkling at hinges. 
 
Figure 2:  Compressive engineering stress-strain curves of nanocrystalline Ni-Fe. The 
material was annealed for 30 min at the respective temperature before 
compression at room temperature. 
 
Figure 3:  Compressive engineering stress-strain curves of nanocrystalline Ni-Fe. The 
material was annealed for 30 min and afterwards compressed at the respective 
temperature. Open symbols illustrate that the compression test was interrupted 
before failure occurred. 
 
Figure 4:  TEM images of (a) as prepared Ni-Fe, and samples compressed at (b) 423 K, (c) 
473 K, and (d) 548 K. 
 
Figure 5:  EBSD orientation map of pulse-electrodeposited Ni-Fe compressed at 548 K after 
an annealing treatment for 30 min. Sub-micrometer sized grains are present in the 
microstructure. 
 
Figure 6:  TEM images of Ni-Fe sample annealed for 30 min at 548 K and compressed at 
room temperature. 
 
Figure 7:  EBSD orientation maps as obtained from Nickel coatings on the steel face sheets 
of the micro-sandwich produced at different plating conditions. (a) <100> texture 
and microcrystalline microstructure; (b) random texture and nanocrystalline 
microstructure. 
 
Figure 8:  Nano-indentation measurements obtained on the Nickel coating pulse-plated on 
stainless steel shown in Fig. 7(a). The hardness values vary locally between 150 
and 570 HV. 
 
Figure 9:  Side view of the micro-sandwich with only one face sheet attached. The polymer 
fibres were first sputtered with gold, afterwards a Nickel coating was pulse 
electrodeposited. 
 
